Background: The suppression of abnormal cell proliferation is therapeutic strategies for the treatment of cancer. In this study, we investigated the regulatory mechanism of quercetin-induced apoptosis through regulation of Sestrin 2 and AMPK signaling pathway. Methods: After treatment of quercetin to colon cancer cells, intracellular ROS was detected using by DCFH-DA. To examine how quercetin and H2O2 induced apoptosis, we analyzed the change of Sestrin 2, p53 expression and p-AMPKα1, p-mTOR levels by Western blotting. To evaluate the effect of intracellular ROS generated by quercetin on colon cancer cells, NAC, anti-oxidative agent, was co-treated. Results: Quercetin increased apoptotic cell death though generating intracellular reactive oxygen species (ROS), and it was responsible for Sestrin 2 expression. Increased Sestrin 2 expression was accompanied by AMPK activation. Interestingly, mTOR activity by Sestirn 2 expression was dependent on AMPK phosphorylation. On the other hand, the expression of Sestrin 2 by quercetin-generated intracellular ROS was independent of p53. Conclusions: We suggested that quercetin-induced apoptosis involved Sestrin 2/AMPK/mTOR pathway, which was regulated by increased intracellular ROS by quercetin. (J Cancer Prev 2013;18:264-270) 
INTRODUCTION
Since 1983, cancer has been regarded to one of the reason of death and the incidence to 180,000 new patients diagnose each of year in South Korea. Particularly colorectal cancer incidence is increase steadily since 1999, and especially the elderly ages, the incidence highest follow by gastric cancer. 1 In this reason, it increased that interest to alternative medicine for treatment of colorectal cancer and the cancer prevention study on the effect of plants extract is in progress. Among plant extracts, quercetin has been reported as representing the number of carcinoma and anti-inflammatory effect. 2 Especially in tumor cells, quercetin exerts a directly pro-apoptotic effect by regulated caspase -3, -6, -8 and AMPKα1/ASK1 pathway, and it can indeed block the growth of cancer cells at different phases of cell cycle by controlled transcription factors such as p53. [3] [4] [5] p53, the tumor suppressor protein, plays a central role in cancer prevention. p53 could be regulated cell cycle arrest and pro-apoptotic effect by controlled downstream molecules in cancer cells. The major downstream effectors of p53 include p21 Waf1 , which participate in cell cycle arrest, and Bax as well as PUMA, which trigger apoptosis. 6 Recent report has suggested that the activated p53 by cell stress lead to suppressed mTOR C1 through AMPKα1/TSC2 pathway.
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Sestrin 2 is first revealed by the downstream effector of p53, and it involved in regulation of cell viability in variety cellular stress. Sestrin 2 expression is induced upon DNA damages such as UV-irradiation and doxorubicin, dependent on p53, and oxidative stress like a hypoxia, independent on p53. In addition, it leaded to apoptosis in cancer. 8 Previous study has shown that Sestrin 2 expression in cancer cell suppressed cell growth and proliferation by lead to negative control of mTOR through AMPKα1 phosphorylaton. by Akt, is reported that one of the important mechanism for tumorigenesis. 13 In previously study, be inhibited mTOR C1 by AMPK activation leaded to decrease of cancer cell growth and proliferation. 
Measurement of intracellular ROS levels
Cells were seeded 1×10 6 /ml in 100 mm plate and incu- Lages, NJ, USA).
Cell proliferation assay (MTT)
Cell viability was measured by MTT assay. colon cancer cells, we measured the intracellular ROS levels after treatment of quercetin (25 μM, 50 μM) for 6 h.
As shown in Fig. 1 , quercetin increased ROS levels at the indicate concentration (left panel). These effects were completely blocked by combined treatment with NAC, a ROS scavenger (right panel).
Quercetin and H2O2 induce apoptosis
We investigated the apoptotic effect by quercetin via increase intracellular ROS. In this reason, we treated with quercetin (25 μM, 50 μM) and H2O2 (500 μM, 1,000 μM)
for 24 h. Cells were stained with Annexin V/PI and measured apoptotic cells by flow cytometer. As we shown in Fig. 2A , be treated with quercetin groups increased annexin-V positive cell population on treated groups, too. 
Quercetin and H2O2 regulate expression of Sestrin 2, p53 and AMPKα1, mTOR activation
To examine how quercetin and H2O2 induced apoptosis, we first examined quercetin expresses Sestrin 2, p53 and activate AMPKα1, whereas inhibited mTOR. We analyzed the change of Sestrin 2, p53 expression and p-AMPKα1, p-mTOR levels after treatment of quercetin (25-50 μM)
and H2O2 (500-1,000 μM) in different concentration by
Western blotting. Our results showed that quercetin strongly expressed Sestin 2, p53 and activated AMPK, whereas inhibited mTOR in dose dependently. In addition, H2O2 treated groups were induced that expression of Sestrin 2, p53 and AMPK phosphorylation, but mTOR activity was decreased (Fig. 2B ).
Quercetin modulates expression of Sestrin 2, p53
and AMPK, mTOR activation through generation of intracellular ROS
For make sure that quercetin regulated signal proteins and induced apoptosis were involved with increased intracellular ROS levels, we co-treated with NAC, anti-oxidative agent, and analyzed proteins level and Annexin V-positive cells. The group co-treated quercetin decreased Sestrin 2, p53 expression level and AMPK phosphorylation, whereas induced mTOR activity (Fig. 3A) . And unlikely quercetin treatment group, Annexin V-positive cells were decreased in NAC co-treatment group (Fig. 3B ).
Sestrin 2 down-regulated proliferation and mTOR activity through AMPK phosphorylation
We investigated quercetin and H2O2 decreased mTOR phosphorylation by Sestrin 2 were involved AMPK activation. In order to do, we co-treated quercetin and H2O2 with Compound C, AMPK inhibitor, and analyzed cell viability by MTT assay and proteins level by Western blotting. As we shown that, despite the co-treated with AMPK inhibitor group were not changed cell viability, quercetin and H2O2 treated group were reduced cell viability (Fig. 4A) . Moreover, quercetin and H2O2 induced expression of Sestrin 2 without AMPK inhibition, whereas mTOR acitivity was not decreased with AMPK inhibition (Fig. 4B ). anti-inflammation, and anti-proliferation. 2 Recently study has shown that quercetin generats intracellular ROS and induces apoptosis through controlled AMPK/ASK1 pathway in MCF-7 breast cancer cells. 4 Moreover, it induced apoptosis that treated with quercetin in HT-29 colon cancer cells via regulated AMPK/COX-2 pathway. 15 Quercetin induced apoptosis through the activation of AMPK, however, AMPK activity by any pathway is not clear.
According to some studies, the transcription of p53 induced AMPK phosphorylation, but these results could not explain that phosphorylation of AMPK in p53 mutant cells. 7 In recent study, however, a specific stress such as oxygen stress or DNA damage stimulates Sestrin 2 transcription in cancer cells, and it induced the phosphorylation of AMPK through interaction with AMPK. 9 According to this paper, cell does not inhibit mTOR activity and cell cycle arrest through AMPK phosphorylation when it suppressed Sestrin 2 transcription. Thus, we hypothesized that quercetin-generated intracellular ROS induced apoptosis through the inhibition of mTOR via Sestrin 2 transcription, and it accompanied by AMPK phosphorylation.
Our result shown that quercetin suppressed proliferation by expression of Sestrin 2 and AMPK phosphorylation, whereas inhibited mTOR activity. Moreover, quercetin by increasing intracellular ROS can transcript Sestrin 2 directly, and it was confirmed that the upstream function in the AMPK signaling pathway.
Importantly, a known of the cancer cells in approximately 50% are p53 mutant. 16 Thus, p53-independent manner to induce apoptosis is very important. Our results
shown that not only quercetin inhibited mTOR through Sestrin 2 transcription and AMPK phosphorylation, but it induced apoptosis in HT-29 colon cancer cells, which were p53 mutant cells.
In conclusion, we demonstrate that Sestrin 2 is co-factor for AMPK/mTOR pathway, and the signaling pathway of Sestrin 2/AMPK/mTOR is responsible for cancer cells to undergo apoptosis initiated by ROS when the cancer cells were treated with quercetin. Furthermore, quercetin-generated intracellular ROS induces apoptosis and regulates Sestrin 2/AMPK/mTOR pathway in p53 mutant cells.
